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Abstract
Few-layered porous boron nitride nanosheets (BNNS) have been prepared using a dynamic magnesium
diboride (MgB2) template and ammonium chloride (NH4Cl) etchant. Magnesium-based intermediates serve
as layer separators in the synthesis and prevent extensive aggregation, resulting in few-layered BNNS. The
resultant BNNS are hierarchically porous and show good CO2/N2 adsorption selectivity.
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Controllable synthesis of few-layered and
hierarchically porous boron nitride nanosheets†
Feng Xiao,a Zhixin Chen,b Gilberto Casillas,c Christopher Richardson,d Huijun Lie
and Zhenguo Huang*a
Few-layered porous boron nitride nanosheets (BNNS) have been
prepared using a dynamic magnesium diboride (MgB2) template and
ammonium chloride (NH4Cl) etchant. Magnesium-based intermediates
serve as layer separators in the synthesis and prevent extensive
aggregation, resulting in few-layered BNNS. The resultant BNNS are
hierarchically porous and show good CO2/N2 adsorption selectivity.
Hexagonal boron nitride nanosheets (BNNS) are an inorganic
analogue of graphene and one of the most studied two-dimensional
(2D) materials. BNNS possesses fascinating properties such as
superb mechanical strength and high thermal conductivity.1–3
BNNS have thus been explored as reinforcing nanofillers to enhance
the mechanical and thermal performances of composites.4–6
Moreover, BNNS show unique properties that are absent in their
carbon counterparts, such as high electrical resistance, excellent
oxidation resistance, and chemical inertness in harsh environ-
ments.7–9 These properties have provided the driving force
behind the booming interest in BNNS for a diversity of applications,
such as drug delivery, pollution remediation, anti-corrosion coatings,
and insulating substrates.10–14 As a result, intensive efforts have been
devoted to the synthesis of high-quality, few-layered BNNS in
quantities suitable for large-scale applications. One of the most
common ways to produce BNNS is through sonication-assisted
exfoliation of bulk hexagonal boron nitride (h-BN) in selected
polar solvents, such as isopropyl alcohol, N,N0-dimethylformamide,
and water.4,15–17 These methods have led to BNNS with a large
distribution of layer numbers (from few to hundreds), and the
resultant sheets tend to have a small lateral size (less than 1 mm).
In addition, the sonication-assisted method normally requires
many hours, and the yield is not satisfactory.16,17 Thus, a scalable
synthesis of BNNS with controllable layer thickness is keenly
sought after.
Template-based methods have been used to make highly-
ordered porous BN structures.18–20 These methods have several
disadvantages, however, such as difficulties in efficient filling of the
nanopores and complete removal of the template. Furthermore,
for large-scale production, the cost of the template could be very
high. Template-free and dynamic-template strategies have been
introduced more recently to synthesize porous BN in forms such
as sponges, belts, and ribbons.13,21,22 It remains a critical challenge
to control the morphology of porous BN as a 2D sheet structure.
Herein, we report a controllable bottom-up synthesis of few-
layered porous BNNS. This strategy employs the unique crystal
structure of MgB2, where Mg atoms are sandwiched by boron
sheets (Fig. 1a). During the reaction, BNNS formation is constrained
by the formation and decomposition of Mg-based by-products, and
as a result, only few-layered nanosheets with controlled pore size are
obtained. The resultant porous BNNS show good CO2/N2 selectivity
and adsorption capability.
The dynamic template afforded by the layered structure of
MgB2 is the key to producing few-layered porous BNNS (Fig. 1a).
During the synthesis, NH4Cl is introduced as an etchant and
NH3 as the nitrogen source to form BNNS. The final products
were washed with dilute hydrochloric acid and deionized water
prior to characterization. At temperatures lower than 450 1C,
the final solid product appears brownish, indicating the formation
of elemental boron. At 450 1C, the B–N stretching mode at
1400 cm1 becomes visible in the infrared (IR) spectra (Fig. 1b).
With increasing temperature, BN starts to dominate the products,
as confirmed by the growth in intensity of the IR bands at
1400 cm1 and 790 cm1 that are associated with the stretching
and bending modes of B–N vibrations, respectively (Fig. 1b).
The X-ray diffraction (XRD) results (Fig. 1c) agree well with the
IR results, in that temperatures of 550 1C and above facilitate
the formation of BN. When the synthesis temperatures were
elevated to 950 1C and 1050 1C, the products evolved into a
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mixture of h-BN and turbostratic boron nitride (t-BN), with an
extra set of (002), (100), (101), (102), and (004) peaks appearing
(Fig. 1c). t-BN consists of partially disordered BN layers with
interspacing larger than that of h-BN.23,24
To further elucidate the reaction mechanism, the reaction
was carried out at the lower temperature of 350 1C. The resultant
product was identified from its XRD pattern as ammonium
magnesium chloride (NH4MgCl3), with the hydrate formed because
NH4MgCl3 is hygroscopic (Fig. S1 in the ESI†). The likely process
involves the decomposition of NH4Cl (decomposes around 338 1C)
into NH3 and HCl, which then reacts with MgB2, forming NH4MgCl3
and elemental boron. At higher temperatures, the elemental
boron formed in situ reacts with NH3 to form BN (Fig. 1a), and
the NH4MgCl3 decomposes to NH3, HCl, and amorphous MgCl2.
25
MgCl2 would be present throughout the thermal process (m.p.
714 1C; b.p. 1412 1C), playing a vital role in preventing the BN
layers from aggregating.
X-ray photoelectron spectroscopy (XPS) was used to determine
the chemical compositions of the products. The full survey
spectrum reveals the presence of B, N, and C (Fig. S2a, ESI†),
indicating that Mg and Cl have been largely removed. The
C element can be assigned to the carbon tape used as the substrate
for the specimen. Two dominant peaks in the spectra (Fig. S2b and c,
ESI†) are located at 190.7 eV (B 1s) and 398.0 eV (N 1s), in close
agreement with the reported values for h-BN.3 Energy dispersive
spectroscopy (EDS) under transmission electron microscopy
(TEM) (Fig. S3, ESI†) also reveals the presence of B, N, C, and
O, and negligible amounts of Mg. The formation of BNNS is also
confirmed by the Raman spectra, where the E2g mode centred
around 1364 cm1 is observed (Fig. S4, ESI†) for BN1050, and
redshifts are observed for both BN850 and BN650, indicating
reduced thickness of the BNNS with lower synthesis temperatures.
The morphologies of the BNNS have been carefully characterised
through TEM (Fig. 2). BNNS prepared at 650 1C (BN650) has a
sheet-structured morphology with a lateral size of up to 1.5 mm
and wrinkles all over the sheet due to its thin graphene-like
nature. The majority of the resultant BNNS is bi-layer at 650 1C
(Fig. 2d), and monolayer BNNS was also observed (Fig. S5,
ESI†). As the synthesis temperature is increased, the BNNS
becomes thicker, and it is up to 10 layers in BN850 and 20 layers
in BN1050 (Fig. 2b and c). This is because higher temperatures
accelerate the evaporation and decomposition of the Mg-based
by-products, favouring better crystallisation and growth. Note
that during the synthesis, those nanosheets are prone to joining
together to form bigger sheets, especially at higher temperatures.
Nitrogen adsorption–desorption isotherms (Fig. 3a) of the
samples collected at 77 K show type-IV curves and H1-type
hysteresis loops. The pore size distributions derived from the
adsorption branches using density functional theory (DFT) are
correlated with the synthesis temperature (Fig. 3b). A sharp peak
corresponding to a pore size of 1 nm in diameter is observed for
BN650 and BN750 (Fig. 3b), suggesting a large proportion of
micropores in these two products. This is also evident from the
cumulative pore volume as a function of pore diameter (Fig. S6,
ESI†). The micropore volumes of BN650 and BN750 are more
than 3-fold higher than for the samples obtained at higher
temperatures. All the samples contain mesopores around 4 nm
in diameter.
Fig. 1 (a) Schematic diagrams of synthesis of BNNS. (b) Fourier transform
IR (FTIR) spectra, and (c) XRD patterns of the samples obtained at different
temperatures. The product obtained at 450 1C is denoted as BN450, and
the same notation has been applied to all the samples.
Fig. 2 TEM images of BN650 (left), BN850 (centre), and BN1050 (right):
(a–c) low magnification; (d–f) high magnification with clear lattice fringes.
Fig. 3 (a) Nitrogen adsorption–desorption isotherms. Closed symbols
represent adsorption, and open symbols represent desorption. (b) Pore
size distributions of the samples synthesized at varied temperatures. The
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A previous report has proposed that micropores in porous
BNNS arise mainly from enlarged interlayer distances and non-
parallel BN layers.21 Temperatures over 850 1C facilitate crystal-
lization of the BNNS, as evidenced by the XRD patterns (Fig. 1c),
and consequently, reduce the amount of non-parallel BN layers
and thereby micropores. The evaporation of Mg-based by-products
is temperature-dependent. Lower synthesis temperatures lead to
slow evaporation and decomposition of the by-products, which
slows down the crystallization of BN and contributes to the
formation of larger amounts of micropores. It is also possible
that the migration of the volatiles out of the materials may
damage the BN layers and thereby generate pores. The Brunauer–
Emmett–Teller (BET) surface area and cumulative pore volume
data for the samples are summarised in Table S1 (ESI†). The
surface areas range from 61–236 m2 g1, much higher than that
of the commercial BN powder (B25 m2 g1). Based on the high
specific surface areas and hierarchical pore-size distributions, this
form of porous BNNS is expected to be a promising adsorbent.
Recently, porous BNNS have attracted attention for gas
adsorption and pollutant removal due to their high porosity
and high specific surface area, as well as their low density and
high chemical stability.21,26,27 The capture of CO2 has attracted
considerable attention in recent years, since anthropogenic
CO2 emission is believed to be the main contributor to global
warming. Each BN sample was therefore examined for CO2
sorption up to 760 Torr at 298, 288, and 273 K (Fig. 4a). Although
BN750 has the highest specific surface area and largest cumulative
pore volume (Fig. S6, ESI†), BN650 exhibited the highest CO2
adsorption capacity. This could be ascribed to its micropore
volume, which was highest in BN650 (Fig. 3b and Fig. S6, ESI†).
It is known that the micropores, not the surface area, play a
dominant role in CO2 adsorption at low pressure.
28 This is
corroborated by the low CO2 adsorption by samples BN850,
BN950, and BN1050, all of which have low micropore volumes
(Fig. 3b and Fig. S6, ESI†). Note that mesopores may become
predominant once micropores are already saturated and BN650
has the highest volume when micropores and mesopores are
combined. In addition, BN650 demonstrated excellent selectivity
of CO2 over N2. The selectivity was calculated from single component
isotherms at 298 K, using values representing the composition
of flue gas emitted from coal-fired power plants (15% CO2; 75%
N2; 10% other gases). The CO2/N2 selectivity as calculated through
eqn (S1) (ESI†) is 26.3, indicating that this form of BNNS exhibits
high selectivity towards CO2 adsorption. This selectivity is also
ascribed to the large micropore volume which is known to be an
essential factor for the selective adsorption of CO2 over N2.
29,30
Heat of adsorption (HoA) calculations were conducted for all
the samples, and the results are shown in Fig. 4c. BN650 is the
best performing material, with good maintenance of the strength
of the interaction out to coverage of over 7 cm3 g1. BN750 behaves
similarly but with a lower heat of adsorption. The data for
BN850 and BN950 indicate a strong attraction for CO2 at very
low coverage, with values over 50 kJ mol1, although this rapidly
drops away to below 20 kJ mol1 at a coverage of around 2 cm3 g1.
This indicates that BN650 has more active sites that feature strong
interaction with the CO2 molecules than the other samples do.
Note that at low pressure, HoA would affect the selectivity, and
at high pressures, several other factors come in.
Another possible reason for the strong interaction between
CO2 and BNNS comes from recent simulations suggesting that
lattice vacancies in BN give rise to strong interactions with CO2
molecules,31–34 with N vacancies leading to interactions between
Lewis acidic B atoms and lone pairs on the O atoms in CO2. The
XPS results (Table S2, ESI†) indicate that the as-obtained BNNS
contain more B at lower synthesis temperatures, suggestive of
potentially more B active sites. As the synthesis temperature
increases, the B/N ratio comes closer to unity, resulting in less B
active sites. The amount of B active sites could be correlated
with the measured heat of adsorption (HoA, Fig. 4c). The rapid
drop in HoA for BN1050 compared with the steady HoA over
adsorption for BN650, indicates that more active sites are available
for CO2 adsorption in BN650. It is difficult, however, to experi-
mentally prove this reasoning at this stage.
In summary, a controllable synthesis method for few-layered
porous BNNS was developed using MgB2 as a dynamic template.
At the optimum temperature, a large proportion of bilayered
BNNS is obtained, and to the best of our knowledge, this has not
been achieved previously in a bottom-up synthesis. Additionally,
the BNNS are hierarchically porous, with 1 nm micropores and
4 nm mesopores. The material is favourable for CO2 adsorption,
providing a CO2/N2 selectivity of 26.3. This facile and efficient
synthetic method is very promising for the large-scale, low-cost
preparation of porous BNNS for adsorption applications.
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